Objective: After the Fontan operation the right atrium and, thus, the coronary sinus are connected to the pulmonary arterial system, which causes the coronary venous pressure to increase. We investigated the acute effects of elevation of coronary venous pressure on baseline hemodynamics, coronary venous flow, and left ventricular contractility. Methods: In acutely instrumented pigs, during complete right heart bypass and during constant cardiac output, pressure in the right atrium, right ventricle, and coronary sinus was altered by a height-adjustable reservoir. At various levels of coronary venous pressure (up to 4 kPa or up to 30 mm Hg), flow from the reservoir was measured and left ventricular hemodynamics and contractility were measured from catheter-derived left ventricular pressure and (conductance) volume data. Contractility of the left ventricle was assessed by the end-systolic pressure-volume relationship derived during an unloading intervention by adjusting the bypass pump speed. Results: Left ventricular end-diastolic pressure increased slightly (about 5%) with each kJlopascal increase in coronary venous pressure, most likely related to diastolic ventricular interaction. No other changes in hemodynamic parameters occurred. Neither coronary venous flow nor left ventricular contractility was influenced by changes in coronary venous pressure. Imposing myocardial stress with dobutamine, 10 ~g/kg per minute, did not change these findings. Conclusion: Increasing coronary venous pressure to 4 kPa in the intact circulation with intact autoregulation does not affect coronary flow or left ventricular contractility. We found no experimental evidence for the usefulness of diversion of the coronary sinus to the left atrium during Fontan-type operations (J Thorac
p atients born with one functional ventricle will generally benefit clinically from a Fontan operation. After this operation, systemic venous pressure increases to maintain pulmonary blood flow and thus cardiac output. This increase is associated with an increase in coronary venous pressure, because the classic Fontan operation incorporates the coronary sinus in the venous circulation. Because of putative adverse effects of this increased coronary venous pressure, some surgeons have advocated that flow through the coronary sinus be redirected to the left atrium] s The ensuing small arterial desaturation would be offset by the advantages of normal coronary venous pressure.
Several studies have been undertaken to investigate the effects of coronary venous pressure on coronary flow and myocardial perfusion. Most of the Klautz et al. 5 6 1 older studies, undertaken to understand the physiology of the coronary circulation, have shown a negative effect of increased coronary venous pressure on myocardial perfusion. This has led to the hypothesis of a venous waterfall mechanism. However, more recent studies have vastly increased our understanding of coronary physiology, and a venous waterfall mechanism is no longer believed to exist. On the other hand, surprisingly little research has been done on the effects of coronary venous pressure on left ventricular contractility. After all, adequate myocardial peffusion is necessary for adequate myocardial function. In fact, only three such studies have been undertaken. Although they were similar in setup, they have shown contradictory results. A study in dogs 2 showed a negative effect of coronary sinus pressure on left ventricular function, whereas one study in sheep 4 and one in lambs 5 could not confirm those findings. These previous studies used coronary sinus balloons to increase coronary venous pressure. This technique has an important limitation: it overlooks the fact that coronary venous drainage takes place not only in the coronary sinus but also directly and to a substantial extent into the right atrium and right ventricle by means of thebesian veins. Drainage into the left ventricle occurs to a much lesser degree. Moreover, this noncoronary sinus flow will increase if coronary sinus pressure increases/' We therefore developed a model to increase coronary venous pressure by increasing the pressure in both the right atrium and right ventricle, matching the clinical setting of the Fontan circulation. This made it necessary to bypass the right chambers of the heart and exclude them from the circulation, In this way we could maintain constant pulmonary blood flow and cardiac output and increase the pressure in the right side of the heart by means of a reservoir in a stepwise fashion.
We hypothesized that increasing pressure in the drainage area of the coronary circulation (coronary sinus, right atrium, and right ventricle) under constant cardiac output would adversely affect left ventricular contractility by reducing coronary blood flow. We also investigated whether increased myocardial stress by dobutamine would alter the effect of coronary venous pressure on left ventricular contractility. These questions were investigated in acutely instrumented, open chest, young pigs.
Methods
Instrumentation. The surgical and experimental procedures used were reviewed and approved by the animal research committee of the Leiden University. Eight young pigs, weighing 28.3 +_ 7.9 kg, were used for this study. Anesthesia was induced and maintained by an intravenous combination of c~-chloralose (100 mg/kg) and morphine (0.1 mg/kg), and the pigs were ventilated throughout the study. The animals were lying on a heating pad to maintain normal rectal temperatures. Both carotid arteries and jugular veins were dissected for arterial and venous access. Both vagal nerves were dissected and cut to prevent vagal stimulation of the heart. Next, the thorax was opened through a midline sternotomy and the pericardium was retracted by stay sutures. Heparin was administered (3 mg/kg) and the pulmonary artery was dissected and cannulated with a regular arterial cannula. The cannula was connected to the "arterial" side of a bypass circuit (described later). A snare was placed around the pulmonary artery proximal to the cannutation site for the purpose of closing off the vessel between the cannula and the pulmonary valve later on. Next, both caval veins were cannulated with adequately sized metal hooked venous cannulas and connected to the "venous" side of the bypass circuit. Immediately thereafter; extracorporeal circulation was started. Once the animals were supported by bypass, snares were placed proximal to the caval cannulas to occlude the caval veins at their entrance into the right atrium later on. Also, the hemiazygos and azygos veins were dissected, ligated, and transected. A large (30F) venous cannula was inserted through the right auricle, through the tricuspid valve, and into the right ventricle. Additional holes in this cannula assured free drainage of blood from both the right atrium and right ventricle. This cannula was connected to a height-adjustable reservoir, which in turn drained into the venous reservoir of the bypass circuit. Finally, the pulmonary artery and cavat snares were snugged, resulting in complete isolation of the right side of the heart from the circulation, with only coronary venous blood draining in the right atrium and ventricle and, subsequently, draining through the large cannula into the height-adjustable reservoir.
The bypass circuit was a regular cardiopulmonary bypass system, without an oxygenator. It consisted of a large open venous reservoir with a heat exchanger, which was connected on its input side with the two caval cannulas and which received the overflow of the height-adjustable coronary venous reservoir (homemade). Its output was connected to a roller pump and the arterial cannula in the pulmonary artery. In the arterial tubing an in-line EM flow probe (Skatar, Delft, The Netherlands) was used to measure flow, and thus cardiac output, only for monitoring purposes during the experiment. The speed of the pump was adjusted to maintain normal cardiac output for pigs of this size (experience from the experimental surgery laboratory of our institution: approximately 70 ml/kg per minute).
So that instantaneous left ventricular volume could be measured, an appropriately sized (7F, 7 to 10 mm interelectrode distance) dual-field conductance catheter (Webster Labs, Baldwin Park, Calif.) was advanced through one of the carotid sheaths into the left ventricle and connected to a Sigma 5-DF signal-conditioner-processor (CardioDynamics, Leiden, The Netherlands) to convert instantaneous conductance measurements to volume. The dual field was set at 0.25× original field. 7 Parallel conductance was measured by means of the salt injection technique. 8 A side port of a connector just before the arterial cannula in the pulmonary artery was used as the injection site for the hypertonic saline solution. Left ventricular pressure was measured with a 6F-tip micromanometer (Braun Medical, Best, The Netherlands), which was advanced through the other carotid sheath into the left ventricle. All analog signals were displayed on a paper recorder and screen for continuous monitoring. The left ventricular pressure and total left ventricular volume signals were also displayed on an X-Y oscilloscope for continuous monitoring of pressure-volume loops. All analog signals were digitized with 12-bit accuracy on an IBM-compatible microcomputer, at a sampling rate of 200 Hz, and saved on a hard disk for subsequent analysis.
Study protocol. After completion of the surgical preparation, a 30-minute period was allowed for the pigs to reach hemodynamic stability. To determine whether increased coronary venous pressure would change left ventricular contractility, we randomly changed coronary venous pressure by adjusting the height of the coronary venous reservoir from 0 to 40 cm HeO (which corresponds to 0 to 30 mm Hg or 0 to 4 kPa) in an average of seven steps. Right ventricular phasic pressures were about 5 mm Hg above and below the set level of the reservoir at the highest level of the reservoir. After reaching a new level of coronary venous pressure, we waited for 15 minutes before taking new measurements. Coronary venous flow was measured by timed collection of the blood draining from the heightadjustable reservoir, which was connected to the right side of the heart. Samples of this same blood were taken for measurement of venous oxygen saturation. Coronary arteriovenous oxygen content difference was calculated from oxygen saturation of arterial and venous blood samples and hemoglobin concentration. Left ventricular contractility was measured from instantaneous left ventricular pressure and volume during an unloading intervention. Unloading of the heart was achieved by decreasing the pump speed in a few seconds. When left ventricular pressure had dropped to at least half its baseline value, the speed of the pump was returned to its original level. The entire unloading intervention did not take more than 20 seconds. From the baseline left ventricular pressure and volume data, several hemodynamic parameters were calculated: heart rate, stroke volume, end-diastolic volume and pressure, end-systolic volume and pressure, stroke work, and maximum rate of pressure rise (dP/dtm~×). From the left ventricular pressure-volume loops registered during the unloading intervention, contractility was assessed with the use of three indices: the end-systolic pressure-volume relationship (ESPVR9), the dP/dtm~end'diastolic volume relationship (dPEDVRm), and the preload recruitable stroke work (PRSW~).
To investigate the effect of/3-adrenergie stimulation on the possible influence of coronary venous pressure on left ventricu!ar contractility, we repeated this protocol after the administration of dobutamine, 10 ~g/kg per minute. This drug increases coronary perfusion, myocardial oxygen consumption, and contractility.
Calculations. Coronary" arteriovenous oxygen content difference was calculated as follows:
ckCA~ -(O2Sata,,~ O2Sat~en) " Hemoglobin tgm/L) • 13.6.
Baseline hemodynamic variables were calculated from the mean of five to ten beats in each run before an unloading intervention. They include heart rate (determined from the mean R-R interval of the surface electrocardiogram), which varied minimally during the unloading intervention since vagal responses were blocked by vagotomy; stroke volume, which was calculated as the difference between end-diastolic and end-systolic (conductance catheter-derived) volumes: and cardiac output, which was calculated as the product of heart rate and stroke volume (conductance catheter). The dP/dt .... was calculated from the first derivative of the left ventricular pressure signal, and stroke work was calculated from the area contained within the pressure volume loop, or fPdV. Both of these variables were calculated from each heartbeat during the unloading intervention (discussed later).
Contractility was assessed by means of three indices, the end-ejection phase index ESPVR, the preejection phase index dPEDVR, and the ejection phase index PRSW. The ESPVR was calculated from an unloading intervention by first determining, m every heartbeat, end-systole as the point of maximal elastance, 9 using an iterative technique. ~2 and then regressing end-systolic pressure against end-systolic volume. The slope of this regression line is called end-systolic elastance, or E~s. We calculated the dPEDVR and the PRSW by linearly regressing, respectively, dP/dtm~ and stroke work against end-diastolic volume of the same beats of the unloading intervention. Each relationship was characterized by a slope; an increase in the slope of these relationships has been shown to represent an increased contractile state, t° 11, 13
Statistical analysis, We analyzed the effects of coronary venous pressure using a multiple linear regression implementation of analvsis of variance] 4' ~5 Each dependent variable Y (such as cardiac output and E~) was regressed against coronary venous pressure (CVP) and dummy variables, coding for interanimal variability (P). The regression equation is represented by the following:
where a o is the intercept of the equation, representing the overall mean of the dependent variable, and the a c associated with coronary venous pressure represents the coefficient of the effect of coronary venous pressure on the dependent variable of interest. The interanimal variability P~ was introduced in the equation for statistical purposes and its value will not be reported.
Inasmuch as contractility was also assessed during increased adrenergic stimulation, we used a new statistical model to include the effect of dobutamine by introducing a new dummy variable in the equation (D), which was assigned a value of 0 for the control state and a value of 1 for the dobutamine state. An interaction term (CVP • D) was also included to represent the possible change in the relation between coronary venous pressure and the de- Table I , together with the results of the multiple linear regression analysis of the effect of coronary venous pressure change on each variable. Baseline hemodynamics were normal for the pigs we used. Cardiac output, stroke volume, end-systolic and end-diastolic volume, end-systolic pressure, stroke work, and dP/dtm~ x did not change significantly with increasing coronary venous pressure. Heart rate and end-diastolic pressure, however, did increase significantly with coronary venous pressure. Each kilopascal increase in coronary venous pressure increased heart rate with 4 beats/min and increased end-diastolic pressure by 0.06 kPa (-6% of baseline mean, see Table I ).
Baseline coronary venous flow was about 4% of cardiac output, indicating that this venous outflow of the coronary system was a reasonable estimate of myocardial perfusion. Dobutamine doubled coronary flow and myocardial oxygen consumption, without altering the arteriovenous oxygen content difference (Table II) . Surprisingly, none of these variables changed with increasing coronary venous pressure, either before or after increasing myocardial stress with dobutamine.
Contractility-, assessed by three independent indices, did not change when coronary venous pressure increased (Table II) . Dobutamine, however, increased all indices as evidence of the positive inotropic effect of dobutamine. For all indices the interaction between dobutamine and coronary venous pressure turned out to be nonsignificant; in other words, after increasing contractility and myocardial oxygen consumption, there still was no effect of increased coronary venous pressure on left ventricular contractility. This is also exemplified by the data presented in Fig. 1 . Fig. 1 . Contractility, assessed by the slope of the ESPVR (Ees), and coronary venous flow measured at different levels of coronary venous pressure, before and after the administration of dobutamine, 10/,g/kg per minute, in a representative pig. Neither contractility nor coronary venous flow was affected by coronary venous pressure. Increased cardiac stress by dobutamine increased coronary venous flow and contractility under all circumstances but did not change the lack of correlation with coronary venous pressure.
Discussion
We have not found any effect of increasing coronary venous pressure from 0 to 4 kPa (30 mm Hg) on either left ventricular contractility or coronary venous flow. The only hemodynamic parameters that changed significantly were heart rate and enddiastolic pressure; the others, including end-diastolic volume, did not change significantly. Inducing stress with dobutamine, which doubled myocardial oxygen consumption, did not affect these findings.
Although several studies have addressed the effects of coronary venous pressure on myocardial blood flow, very few have studied the effects on myocardial function. Ilbawi and associates 2 studied the effects of coronary sinus pressure elevation (by balloon occlusion of the coronary sinus) on myocar- dial blood flow and left ventricular function in dogs.
They found a significant drop in coronary sinus flow, cardiac index, and left ventricular dP/dtm~,. Unfortunately, they did not correct dP/dtma ~ for the possible and likely change in preload (cardiac index decreased significantly); therefore, it is hard to draw definite conclusions about left ventricular contractility on the basis of the provided information. Moreover, the reported coronary sinus blood flow values (mean 13.5 ml/min at baseline) are extremely small, suggesting considerable noncoronary sinus drainage (thebesian flow). Increased coronary sinus pressure could drop coronary sinus blood flow by an increase in the thebesian flow. Why cardiac index dropped in Ilbawi's study remains unclear. Ward, Fisher, and Michael, 4 studying sheep, used a study design similar to the one used by Ilbawi's group, 2 but in addition measured myocardial blood flow by radioactive microspheres. They found no change in myocardial blood flow and left ventricular contractility when coronary venous pressure was elevated by balloon occlusion of the coronary sinus. They hypothesized that the difference between their study and Ilbawi's might have been caused by interspecies differences of coronary venous anatomy and thus in the role of thebesian flow. This conclusion is not supported by our findings, inasmuch as we increased the pressure in both the coronary sinus and the right-sided thebesian vessels. Because the thebesian flow into the left ventricle is extremely small 6 and unlikely to play an important role, we trust that in our study coronary venous pressure was truly elevated. Miura and coworkers s studied isolated lamb hearts and did find a decrease of coro-nary blood flow, but without an effect on ventricular contractility. In this last respect their findings are corroborated by ours.
These studies are the only known studies to have investigated the effects of elevation of coronary sinus pressure on left ventricular contractility. Other studies, however, designed to study the physiology of the coronary circulation, have reported no hemodynamic effects of increased coronary venous pressure. 1621 These reports include studies in isolated and intact circulations in dogs and swine. In fact, a decrease in coronary flow, after an increase in coronary venous pressure, was compensated by increased oxygen extraction to maintain oxygen supply in the normal range, whereas no lactate production, as evidence of myocardial hypoxia, was found] 6 ' 21 An explanation for the small but significant increase in heart rate with increasing coronary venous pressure is most likely a direct effect on the sinus node or an extracardiac effect; as myocardial perfusion and contractility did not change, they cannot be held responsible for this effect. The increase in right atrial pressure and volume leads to atrial and thus sinus node stretch, which has been shown to increase heart rate by virtue of the so-called "Bainbridge" reflex. 22 ' 23 To explain the increase in end-diastolic pressure, we have to discuss the mechanical effects of increased pressure and volume in the right atrium and ventricle on the left ventricle, as happens in this model when the height-adjustable reservoir is elevated. End-diastolic pressure increased without concomitant increase in end-diastolic volume; in fact, there was a parallel upward shift of the end-diastolic pressure-volume relationship. This implies decreased ventricular distensibility and not altered stiffness. For this reason it is unlikely that the diastolic properties of the left ventricle changed: that would have been reflected by an altered stiffness. The shift in the end-diastolic pressure-volume relationship is more likely caused by an increase in right ventricular volume accompanying the induced 24 increase in right ventricular pressure. Although we did not find an obvious diastolic dysfunction, it is important to consider the detrimental effects of diastolic dysfunction for the Fontan circulation. In such a circulation, the entire cardiac output is dependent on the balance between the pulmonary vascular resistance and the pressure gradient across that pulmonary vascular bed. Any increase in left ventricular end-diastolic pressure would decrease that gradient and thus cardiac output. It should be emphasized, however, that the increase in enddiastolic pressure we found is inherent to our model, and not caused by the increase in coronary venous pressure, as has been argued earlier.
The mechanical effects of elevated right atrioventricular pressure and volume could also have potential systolic interactive effects. Qualitative information from Weber and colleagues 2s says that under physiologic circumstances the effect of right ventricular systolic pressure on left ventricular pressure is minimal, unless left ventricular pressure is reduced to hypotensive levels. Quantitatively, systolic gain or cross-talk, calculated as the ratio or percentage of end-systolic elastance of one ventricle versus the other plus the septum, has been reported to be about 15% 26 for right-to-left gain and is substantially affected by the absence of the pericardium. 27 On the basis of this information, large changes in contractility, end-systolic pressure, or stroke volume are unlikely to occur. Indeed, the changes in systolic parameters we found were small and not significant.
Potential limitations of this study. We did not increase the pressure and thus resistance ~ in all the possible coronary venous systems, but only those entering the coronary sinus and right atrium and ventricle, and not the thebesian flow into the left ventricle. We think this is justified for several reasons. First, our study was designed to answer the question whether patients having the Fontan operation have negative contractile effects of increased coronary sinus pressure. In those situations the pressure in the right side of the heart, and not the left side of the heart, is elevated exactly in the same manner as in our study. Second, the thebesian flow to the left ventricle is very small, even under conditions of elevated coronary sinus pressure. 6 Finally, if left-sided thebesian flow would increase under any circumstance, it would cause a slight arterial desaturation, which did not occur. These considerations also apply to the fact that we measured myocardial perfusion by coronary venous outflow. However, it is possible that regional differences in flow and extraction remained undetected by our methods. We considered them small and unimportant, especially as the right ventricle hardly performed any work.
A second limitation of the study might be that we were not able to simulate the situation of the stressed heart completely: when a patient who has had a Fontan operation performs exercise and thus increases systemic venous, right heart, and coronary venous pressures, this condition is only partially mimicked by the administration of dobutamine. 28 Nevertheless, the dosage that we used did increase contractility (Ees , dPEDVR, PRSW), coronary flow, and myocardial oxygen consumption substantially, making it unlikely that we should have missed an adverse effect of coronary venous pressure on contractile parameters. In a patient who had had the Fontan operation, who has been subjected to longlasting volume overload and cyanosis, has undergone multiple surgical procedures, and probably has a morphologically inferior ventricle, however, reserves might be much more limited than in these "healthy" pigs. Finally, it is important to consider the possible long-term effects of elevation of coronary sinus pressure, as mentioned before. Our study has focused on the acute effects of elevation of coronary venous pressure on myocardial function, which are hypothetically mediated by effects on myocardial perfusion and acute congestion. During chronic elevation, other mechanisms may impair ventricular function. These include chronic congestion and myocardial edema, which might alter diastolic filling characteristics and might be detrimental for the patient having the Fontan operation, as has been discussed earlier. These chronic effects need to be addressed either in a long-term model of the Fontan circulation or in a model with chronically elevated coronary sinus pressure; unfortunately, these models are not yet available.
Conclusions
The present study in intact, acutely instrumented pigs with presumably intact coronary autoregulation has shown no effect of elevation of coronary venous pressure to 4 kPa on hemodynamics, coronary flow, and left ventricular contractility. Increasing myocardial oxygen consumption with dobutamine did not change these findings. Coronary blood flow is not limited by the pressure in the venous part of the coronary circulation, but it seems more likely to be governed by the pressure in the arterial part of the coronary circulation, the intraventricular pressure, and the extensive autoregulatory ability of the coronary vascular bed. These data, therefore, do not support the belief in the desirability to divert the coronary sinus to the left atrium during Fontan-type operations, specifically not for the postoperative phase.
